Abstract. Uranium (U) poses a significant contamination hazard to soils, sediments, and 3 groundwater due to its extensive use for energy production. Despite advances in modeling the 4 risks of this toxic and radioactive element, lack of information about the mechanisms controlling 5 U transport hinders further improvements, particularly in reducing environments where 6 U 4+ predominates. Here, we establish that mineral surfaces can stabilize the majority of U as 7 adsorbed U 4+ species following reduction of U
6+
. Using x-ray absorption spectroscopy and 8 electron imaging analysis, we find that at low surface coverage U 4+ forms inner-sphere 9 complexes with two metal oxides, TiO 2 or by the reduced electron shuttle AH 2 QDS, suggesting that both abiotic and biotic reduction 14 pathways can produce stable U 4+ -mineral complexes in the subsurface. The observed control of 15 high-affinity mineral surface sites on U 4+ speciation helps explain the presence of non-uraninite 16
Introduction 18
The fate of uranium is an important consideration in the impact of energy systems on 19 environmental quality. Long-term stewardship of spent nuclear fuel and radionuclide waste is an 20 active issue of concern, and several countries have embarked on projects that will entomb spent 21 fuel in geologic repositories. 1 Current environmental issues associated with uranium include 22 releases during the Chernobyl and Fukushima Daiichi accidents, 2-3 as well as uranium 23 accumulation near former mines and sites of nuclear fuel and weapons production. [4] [5] Uranium 24 contamination is also a concern in emerging energy-related cycles, such as the use of uraniferous 25 black shales for hydrocarbon production 6 and the development of rare earth element ores for 26 renewable energy production and storage. 7 Besides environmental issues, detailed knowledge of 27 U chemistry is necessary for understanding uranium ore genesis 8 and for interpreting the U decay 28 series and associated geochronometers. 9 
29
The behavior of U in the subsurface is controlled by its interactions with minerals, 30 bacteria, and soluble groundwater constituents, yet limited mechanistic understanding of these 31 reactions hinders broad efforts to predict and model U transformations and mobility. A particular 32 knowledge gap is the behavior of U under reducing conditions that are naturally occurring or 33 induced as part of remediation activities. Reduction Here we establish that model minerals can bind U 4+ in inner-sphere surface complexes 61 that are stable with respect to uraninite formation over extended periods of time. We used 62 synchrotron x-ray spectroscopy and high-resolution transmission electron microscopy to 63 Fluorescence-mode spectra were collected using an Ar-filled ionization chamber. Samples were 119 kept at -100 °C to prevent photochemical reactions. Sample preparation and analysis procedures 120 are described in detail in the SI text. 121
122

Results and Discussion 123
The conditions and samples are summarized in We characterized the molecular structure around U 4+ by using extended x-ray absorption fine-154 41 Selected-area electron diffraction 192 (SAED) patterns are also consistent with those of uraninite (Fig. S4) . In contrast to the 7.5 U nm -193 2 sample, uraninite particles are absent at the lower 1.3 U nm -2 coverage (Fig. 3B) . Taken spectrum is identical to that of the uraninite standard (Fig. 1B) 0.04 U nm -2 we observe significantly smaller amplitudes of the U-U doublet (Fig. 1B and S2B) . 214 (Table S1) . 224
Models with a U shell at R ~3.9 Å resulted in lower-quality fits and inconsistent reproduction of 225 the data at different k-weights of the Fourier transform (SI text; Figure S6 ). 226 Ð¿¹» ïí ±º îè ßÝÍ Ð¿®¿¹±² Ð´« Û²ª·®±²³»²¬ Û²ª·®±²³»²¬¿´ Í½·»²½» ú Ì»½¸²±´±¹ § Despite the presence of a peak where the U shell contributes in uraninite (Fig. 1B) , the 227 analysis above indicates that this peak is not due to U-U coordination in uraninite for samples 228 with low U coverage. The peak from the Fe shell and its distance from U 4+ suggest inner-sphere, 229 bidentate complexation of U 4+ to =FeO sites. Possible edge-sharing complexes at the (111) to the mechanisms of reduction, which we discuss further down, together with other findings. In 241 contrast to the samples at high U:surface ratio, extensive TEM imaging of the 0.04 U nm -2 242 sample revealed no evidence for U-rich particles (Fig. 3D) To test whether formation of uraninite in the TiO 2 system was kinetically or 290 thermodynamically inhibited, we reacted pre-formed uraninite with TiO 2 at the same U
4+
:mineral 291 ratios as in the 1.2 U nm -2 sample (details in SI text). We did not observe evolution of the 292 starting uraninite to U 4+ adsorbed to TiO 2 after 1 month at 70 °C (Fig. S8) U mobility and transport to a U 6+ reduction site that is closer to a uraninite nucleation site could 307 promote uraninite growth over time (Fig. 5) . 
325
(shown conceptually in Fig. 5) . 37, 47 In either case, the processes operative in our systems must be 326 consistent with the observed valence state, localization, and speciation of U, as well as the 327 observed aging of U 4+ surface complexes to uraninite. 328 Ð¿¹» ïè ±º îè ßÝÍ Ð¿®¿¹±² Ð´« Û²ª·®±²³»²¬ Û²ª·®±²³»²¬¿´ Í½·»²½» ú Ì»½¸²±´±¹ § While it is tempting to conclude that the segregated nanoclusters of uraninite (Fig. 3C)  329 observed in the Fe 3 O 4 sample with 0.9 U nm -2 result directly from U 5+ disproportionation 330 reactions (Fig. 5, right 
